Introduction {#sec0005}
============

The major comorbidity in patients with non-small cell lung cancer (NSCLC) is of cardiovascular nature and is reported to be up to 23% [@bib0005]. The incidence of cardiovascular disease has been described to be a major risk factor for morbidity and mortality following surgery for NSCLC [@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025].

The renin-angiotensin system (RAS) plays a crucial role in cardiovascular regulation [@bib0030]. In the RAS, angiotensin-converting enzyme (ACE) metabolises angiotensin I (Ang I) to form angiotensin II (Ang II), which exerts direct trophic actions on cardiovascular cells [@bib0030]. Local Ang II production is of key importance in the pathophysiology of the RAS in cardiovascular system [@bib0035]. Recently, ACE2, a new member of the RAS, was found to function as a negative regulator of the Ang system by metabolising Ang II to a putatively protective peptide Ang-(1-7) with high efficiency [@bib0040], [@bib0045], [@bib0050]. ACE2 is expressed and active in most tissues. The highest expression of ACE2 is observed in the endothelium, the lungs, and the heart [@bib0055]. It has been widely accepted that ACE2 is critical in balancing the activity of the ACE-Ang II axis and thus plays a pivotal role in the body as an endogenous regulator of the RAS [@bib0050]. In the present study, we for the first time explored the association between serum ACE2 levels and postoperative morbidity and mortality after major pulmonary resection in NSCLC patients.

Materials and methods {#sec0010}
=====================

Patients {#sec0015}
--------

From January 2008 to March 2013, 320 Han Chinese NSCLC patients who underwent major pulmonary resection were enrolled in this study. The inclusion criteria included: (1) Definitely diagnosed with NSCLC; (2) Underwent major pulmonary resection including lobectomy, bilobectomy, and pneumonectomy, but not segmentectomy and wedge resection; (3) Had not received any treatment for NSCLC before pulmonary resection. Patients with other concurrent malignancies, congenital heart diseases, or a previous cardiovascular surgical history were excluded. This study was approved by the Ethics Committee of the Second Xiangya Hospital, Central South University. Before the start of the study, all participants provided written informed consent.

Data collection {#sec0020}
---------------

Operations were performed under general anaesthesia through lateral thoracotomy completed with radical systematic lymphadenectomy. Staging was reevaluated according to the seventh edition of the TNM classification [@bib0060]. Histologic typing was carried out according to the World Health Organization histologic classification [@bib0065]. Morbidity was defined as any postoperative event, such as pneumonia, prolonged air leak with postoperative chest tube drainage \>7 days, atrial fibrillation, or pleural effusion requiring renewed drainage. Operative mortality was defined as in-hospital mortality. Blood samples were drawn on preoperative day 3, preoperative day 1, postoperative day 1, and postoperative 3, respectively. All blood samples were subject to ELISA assays for serum ACE2 levels using an ACE2 (human) ELISA Kit (K4918-100) purchased from BioVision (Milpitas, CA, USA).

Statistical analysis {#sec0025}
--------------------

Serum ACE2 levels were divided into quartile categories: ≤3.21, 3.22-3.86, 3.87-4.52, and ≥4.53 ng/mL. The adjusted hazard ratios (HRs) and their 95% confidence intervals (CIs) were calculated using the Cox proportional hazard model. All continuous variable values were expressed as Mean ± SD. Comparisons of means between two groups was performed with student t tests. Categorical variables were expressed as n(%) and analysed with Chi-square tests or Fisher\'s exact tests where appropriate. All statistical analyses were performed with SAS 9.1.3. The statistical significance level of this study was set at a two-tailed α=0.05.

Results {#sec0030}
=======

Serum ACE2 levels were measured in blood samples collected on preoperative day 3, preoperative day 1, postoperative day 1 and postoperative day 3. As shown in [Fig. 1](#fig0005){ref-type="fig"} , the serum ACE2 level in NSCLC patients was at baseline level preoperatively, peaked 24 hours after major pulmonary resection, and returned to baseline level three days after the surgery. We divided the serum ACE2 levels on postoperative day 1 into quartile categories: ≤3.21, 3.22-3.86, 3.87-4.42, and ≥4.43 ng/mL. As shown in [Table 1](#tbl0005){ref-type="table"} , there were no significant differences among the quartile categories in age, sex, body mass index (BMI), current smoking status, forced expiratory volume in 1 second (FEV1), and prevalence of coronary heart disease, hypertension, diabetes mellitus and chronic obstructive pulmonary disease (COPD). There were also no significant differences among the quartile categories in distribution of NSCLC histology and clinical stages ([Table 2](#tbl0010){ref-type="table"} ).Figure 1Preoperative and postoperative serum angiotensin-converting enzyme 2 (ACE2) levels in non-small cell lung cancer patients undergoing major pulmonary resection.Table 1General characteristics of study subjects by quartiles of serum angiotensin-converting enzyme 2 (ACE2) levels on postoperative day 1.Serum ACE2 levels (ng/mL)*p*≤3.21\
(n = 80)3.22-3.86\
(n = 80)3.87-4.42\
(n = 80)≥4.43\
(n = 80)Age (years)64.3±9.564.1 ± 8.863.6 ± 9.263.1 ± 10.20.33Age group (years) n(%) ≤508 (10.0)8 (10.0)7 (8.8)9 (11.3)0.98 51-6015 (18.8)19 (23.8)21 (26.2)22 (27.5) 61-7024 (30.0)21 (26.2)22 (27.5)20 (25.0) 71-8033 (41.2)32 (40.0)30 (37.5)29 (36.2)Sex n(%) Male51 (63.8)49 (61.3)55 (68.8)50 (62.5)0.77 Female29 (36.2)31 (38.7)25 (31.2)30 (37.5)Pulmonary resection n(%) Pneumonectomy10 (12.5)10 (12.5)7 (8.8)8 (10.0)0.80 Lobectomy66 (82.5)64 (80.0)70 (87.5)65 (81.2) Bilobectomy4 (5.0)6 (7.5)3 (3.7)7 (8.8)FEV1 (%)77.5 ± 5.476.9 ± 5.976.4 ± 6.575.8 ± 6.90.20Coronary heart disease n(%)14 (17.5)11 (13.8)11 (13.8)10 (12.5)0.82Hypertension n(%)31 (38.8)28 (35.0)27 (33.8)23 (28.8)0.61Diabetes mellitus n(%)14 (17.5)13 (16.3)15 (18.8)11 (13.8)0.85COPD n(%)40 (50.0)35 (43.8)36 (45.0)31 (38.8)0.56Body mass index (kg/m^2^)17.5 ± 4.217.9 ± 5.018.3 ± 4.718.1 ± 2.90.35Current smoking32 (40.0)27 (33.8)36 (45.0)30 (37.5)0.52[^1]Table 2Tumour characteristics of study subjects by quartiles of serum angiotensin-converting enzyme 2 (ACE2) levels on postoperative day 1.Serum ACE2 levels (ng/mL)*p*≤3.21\
(n = 80)3.22-3.86\
(n = 80)3.87-4.42\
(n = 80)≥4.43\
(n = 80)Histology n(%) Adenocarcinoma72 (90.0)73 (91.3)74 (92.5)68 (85.0)0.93 Squamous cell carcinoma3 (3.8)2 (2.5)2 (2.5)4 (5.0) Adenosquamous cell carcinoma1 (1.2)1 (1.2)0 (0)1 (1.2) Neuroendocrine carcinoma4 (5.0)4 (5.0)4 (5.0)7 (8.8)Clinical stages n(%) IA25 (31.3)23 (28.8)22 (27.5)21 (26.3)1.00 IB28 (35.0)27 (33.8)27 (33.8)25 (31.3) IIA10 (12.5)12 (15.0)12 (15.0)13 (16.2) IIB4 (5.0)4 (5.0)5 (6.2)6 (7.5) IIIA12 (15.0)13 (16.2)12 (15.0)13 (16.2) IIIB1 (1.2)1 (1.2)2 (2.5)2 (2.5)

As shown in [Table 3](#tbl0015){ref-type="table"} , postoperative morbidities increased with descending quartiles of serum ACE2 levels, and the risk was significantly higher in the first quartile than in the second, third, and fourth quartiles (Model 1). After adjustment for age, sex, BMI, current smoking status, FEV1, coronary heart disease, hypertension, diabetes mellitus, COPD, and tumour clinical stages (model 2), the risk of developing postoperative morbidities was significantly higher in the lowest serum ACE2 level quartile than in the highest quartile (hazard ration, 2.12; 95% CI, 1.57-6.23; *p*  = 0.008).Table 3Adjusted hazard ratios of postoperative morbidity by quartiles of serum angiotensin-converting enzyme 2 (ACE2) levels on postoperative day 1.Serum ACE2 levels (ng/mL)*p* for trend (across categories)Continuous log scale\**p* for trend (continuous)≤3.21\
(n = 80)3.22-3.86\
(n = 80)3.87-4.42\
(n = 80) ≥ 4.43\
(n = 80)Postoperative morbidity (%)38.820.018.811.3Model 1^b^ HR\
(95% CI)4.2 (1.88-9.37)1.75 (0.74-4.13)1.62 (0.68-3.85)1 (Reference)\<0.0012.27 (1.73-4.25)\<0.001Model 2^b^ HR\
(95% CI)2.12 (1.57-6.23)1.29 (0.62-3.37)1.20 (0.40-3.11)1 (Reference)0.0081.92 (1.51-2.48)0.005[^2]

We then examined the association between the lowest serum ACE2 level quartile (≤3.21 ng/mL) and the incidence of typical morbidities after major pulmonary resection, including pneumonia, prolonged air leak, pleural effusion, and atrial fibrillation. In the analyses, we combined the second, third, and fourth quartiles of serum ACE2 levels into one category (\>3.21 ng/mL; n = 240) to compare with the first serum ACE2 level quartile (≤3.21 ng/mL; n = 80). As shown in [Table 4](#tbl0020){ref-type="table"} , NSCLC patients with a serum ACE2 level ≤3.21ng/mL had significantly higher rates of pneumonia, pleural effusion, atrial fibrillation as well as higher in-hospital mortality after major pulmonary resection, compared with those with a serum ACE2 level \>3.21ng/mL. Further analyses by the method of pulmonary resection revealed that the serum ACE2 level did not have a significant effect on the rates of postoperative morbidities and in-hospital mortality in patients undergoing pneumonectomy (n = 35) ([Table 5](#tbl0025){ref-type="table"} ). However, in patients undergoing lobectomy/bilobectomy (n = 285), those with a serum ACE2 level ≤3.21ng/mL had significantly higher rates of pleural effusion and atrial fibrillation than those with a serum ACE2 level \>3.21ng/mL ([Table 6](#tbl0030){ref-type="table"} ). According to the data in [Table 5](#tbl0025){ref-type="table"}, [Table 6](#tbl0030){ref-type="table"}, patients undergoing pneumonectomy had higher rates of postoperative morbidities and in-hospital mortality than those undergoing lobectomy/bilobectomy.Table 4Association of serum angiotensin-converting enzyme 2 (ACE2) levels with postoperative morbidities and in-hospital mortality in total patients.MorbidityTotal\
(n = 320)Serum ACE2 levels (ng/mL)*p*≤3.21\
(n = 80)\>3.21\
(n = 240)Pneumonia n(%)16 (5)8 (10)8 (3.3)0.033Prolonged air leak n(%)18 (5.6)5 (6.3)13 (5.4)0.782Pleural effusion n(%)8 (2.5)5 (6.3)3 (1.3)0.026Atrial fibrillation n(%)29 (9.1)13 (16.3)16 (6.7)0.014In-hospital mortality n(%)9 (2.8)5 (6.3)4 (1.7)0.046Table 5Association of serum angiotensin-converting enzyme 2 (ACE2) levels with postoperative morbidities and in-hospital mortality in patients undergoing pneumonectomy.MorbidityTotal\
(n = 35)Serum ACE2 levels (ng/mL)*p*≤3.21\
(n = 10)\>3.21\
(n = 25)Pneumonia n(%)7 (20.0)4 (40.0)3 (12.0)0.155Prolonged air leak n(%)3 (8.6)1 (10.0)2 (8.0)1.000Pleural effusion n(%)2 (5.8)1 (10.0)1 (4.0)0.496Atrial fibrillation n(%)4 (11.4)2 (20.0)2 (8.0)0.561In-hospital mortality n(%)2 (5.7)1 (10.0)1 (4.0)0.496Table 6Association of serum angiotensin-converting enzyme 2 (ACE2) levels with postoperative morbidities and in-hospital mortality in patients undergoing lobectomy/bilobectomy.MorbidityTotal\
(n = 285)Serum ACE2 levels (ng/mL)*p*≤3.21\
(n = 70)\>3.21\
(n = 215)Pneumonia n(%)9 (3.2)4 (5.7)5 (2.3)0.230Prolonged air leak n(%)15 (5.3)4 (5.7)11 (5.1)0.767Pleural effusion n(%)6 (2.1)4 (5.7)2 (1.0)0.034Atrial fibrillation n(%)25 (8.8)11 (15.7)14 (6.5)0.027In-hospital mortality n(%)7 (2.5)3 (4.3)3 (1.4)0.160

Discussion {#sec0035}
==========

The prevalence of cardiovascular diseases in lung cancer patients is known to be twice as high as in the general population [@bib0005]. There have been numerous reports on the negative impact of cardiovascular comorbidity on postoperative outcome after pulmonary resection in patients with NSCLC [@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0070]. As an endogenous regulator of the RAS, ACE2 plays a crucial role in cardiovascular regulation [@bib0050]. In the present study, we provide the first evidence that the serum ACE2 level is associated with postoperative morbidities and mortality after major pulmonary resection in NSCLC patients.

ACE2 is highly expressed in the lungs as a membrane-bound protein in the vascular endothelium, alveolar epithelial cells, smooth muscle cells of the pulmonary vasculature, and bronchial epithelia [@bib0075]. Pulmonary ACE2 appears to have a role in regulating the balance of circulating Ang II/Ang 1-7 levels. Ang II induces pulmonary vasoconstriction in response to hypoxia, which is important in preventing shunting in patients with lung injury [@bib0080]. Locally increased Ang II production also triggers increasing vascular permeability facilitating pulmonary oedema [@bib0085]. A recent study suggests that ACE2 protects from severe acute lung failure and COPD, and possibly, pulmonary arterial hypertension [@bib0075]. ACE2 protein also appears to be the entry-point receptor for the severe acute respiratory syndrome (SARS) coronavirus [@bib0090], [@bib0095]. In addition, interplay between ACE and ACE2 reportedly plays a pivotal role in the development of tuberculous pleural effusions [@bib0100]. Thus, ACE2 appears directly involved in pulmonary vascular regulation as well as in pulmonary infection and pleural effusion. In agreement with the previous studies, we found in the present study that the serum ACE2 level in the lowest quartile was associated with significantly higher rates of pneumonia and pleural effusion after major pulmonary resection in NSCLC patients.

Pan et al. examined expression of ACE2 in the fibrillating atria of pigs and its involvement in fibrotic pathogenesis during atrial fibrillation [@bib0105]. Their study results suggest that down-regulation of ACE2 may be associated with pacing-induced sustained atrial fibrillation. In line with this report, we found in the present study that the serum ACE2 level in the lowest quartile was associated with significantly higher rates of atrial fibrillation after major pulmonary resection in NSCLC patients. The high rates of postoperative morbidities in patients with serum ACE2 level in the lowest quartile sufficiently explain the increased in-hospital mortality rate in the patients.

Pneumonectomy is a common type of pulmonary resection performed in 10%-30% of patients offered curative resection for primary lung cancer. However, despite improvements in operative techniques and postoperative care, pneumonectomy remains a high-risk procedure [@bib0110]. In agreement with this, patients undergoing pneumonectomy had higher rates of postoperative morbidities and in-hospital mortality than those undergoing lobectomy/bilobectomy in this study. We found that the serum ACE2 level in NSCLC patients was significantly elevated 24 hours after major pulmonary resection and returned to baseline level on day 3 postoperatively. Therefore, only the serum ACE2 level on postoperative day 1 was used for subsequent hazard ratio and association analyses. The high prevalence of cardiovascular diseases in lung cancer patients can be explained with common risk factors such as older age and tobacco consumption [@bib0115], [@bib0120]. Thus, the hazard ratio analysis was adjusted for age, current smoking status, and a variety of other confounding factors that may affect the incidence of postoperative morbidities and/or serum ACE2 levels, including sex, BMI, FEV1, coronary heart disease, hypertension, diabetes mellitus, COPD, and tumour clinical stages. After adjustment for the confounding factors, the risk of developing postoperative morbidities remained significantly higher in the lowest serum ACE2 level quartile than in the highest quartile on postoperative day 1, indicating that the serum ACE2 level one day post surgery is an independent risk factor for postoperative morbidities after major pulmonary resection in NSCLC patients. Thus, the serum ACE2 level one day post surgery could be used as a biomarker or prognostic factor for postoperative morbidities after major pulmonary resection in NSCLC patients. In addition, our findings also suggest that supplementing ACE2 could be a potential therapy for preventing or improving postoperative morbidities after major pulmonary resection. Given the important role of Ang II/ACE2 signalling in pulmonary vascular regulation, pulmonary infection and pleural effusion, and possibly atrial fibrillation [@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100], [@bib0105], an increase of ACE2 after major pulmonary resection, albeit short-lived, may be a critical compensatory mechanism against initiation of early postoperative morbidities, which leads to reduced manifestation of postoperative morbidities and mortality. Further studies are needed to uncover the underlying mechanisms.

This study was a prospective study with multiple measurements of the serum ACE2 level, which enabled us to conduct the study in a more controlled manner and thus to generate reliable data. There are several limitations in this study: (1) We only assessed short-term outcomes in this study. Nevertheless, evaluation of long-term survival outcomes is underway with the same patient cohort. (2) This study suggests that the serum ACE2 level one day post surgery could be used as a prognostic factor for postoperative morbidities after major pulmonary resection in NSCLC patients, the clinical application value of which still needs to be validated in future studies with a larger patient population. (3) Although the total number of patients undergoing major pulmonary resection was well enough for achieving the study objectives, only a small number of patients underwent pneumonectomy. Thus, in stratified analyses by pneumonectomy and lobectomy, the relatively small sample size of patients undergoing pneumonectomy (n = 35) may not be adequate for achieving results with adequate statistical power. We did not find significant effects of the serum ACE2 level on postoperative morbidities and in-hospital mortality in patients undergoing pneumonectomy (n = 35), which was very likely due to an inadequate sample size.

Conclusion {#sec0040}
==========

The serum ACE2 level one day post surgery was an independent risk factor for postoperative morbidities after major pulmonary resection in NSCLC patients. Low serum ACE2 levels were associated with increased rates of postoperative morbidities as well as higher in-hospital mortality after major pulmonary resection in NSCLC patients. Thus, the serum ACE2 level one day post surgery resection could be used as a prognostic factor for postoperative morbidities after major pulmonary resection in NSCLC patients.
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[^1]: **Note**: FEV1, forced expiratory volume in 1 second; COPD, chronic obstructive pulmonary disease.

[^2]: **Note:** HR, hazard ratio. \*HR per 1-SD decrease of log-transformed ACE2. ^a^Model 1: adjusted for age, sex, and body mass index (BMI). ^b^Model 2: adjusted for age, sex, BMI, forced expiratory volume in 1 second (FEV1), coronary heart disease, hypertension, diabetes mellitus, chronic obstructive pulmonary disease, current smoking status, and tumour clinical stages.
